This paper studies the drive-response synchronization for quaternion-valued shunting inhibitory cellular neural networks (QVSICNNs) with mixed delays. First, QVSICNN is decomposed into an equivalent real-valued system in order to avoid the non-commutativity of the multiplicity. Then, the existence of almost periodic solutions is obtained based on the Banach fixed point theorem. An novel state-feedback controller is designed to ensure the global exponential almost periodic synchronization. At the end of the paper, an example is given to illustrate the effectiveness of the obtained results.
On the one hand, after Bouzerdount and Pinter's [16] new class of cellular neural networks, namely the shunting inhibitory cellular neural networks (SICNNs), many studies have been focusing on the SICNNs, especially about the dynamical behaviors. Because of the wide applications of SICNNs in psychophysics [17] , speech [18] , perception [19] , robotics [20] , adaptive pattern recognition [21, 22] , vision [23, 24] , and image processing [25] , moreover, time delays are unavoidable in a realistic system, there have been extensive results about the sufficient conditions on the problem of the existence and stability of equilibrium, periodic, anti-periodic solutions of SICNNs with time delays, see [26] [27] [28] [29] and references therein. Besides, it is well known that the almost periodic phenomenon is more universal than the periodic one in real world. In the past few years, many researchers devoted to study the almost periodic problem of SICNNs with time delays ( [30] [31] [32] [33] [34] [35] [36] [37] ).
On the other hand, synchronization is a very common phenomenon in real systems, which indicates that two or more systems adjust each other to lead to a common dynamical behavior. By synchronization, we can understand an unknown system from the well-known systems. Pecora and Carroll [38] proposed a method to synchronize two identical chaotic systems with different initial values in 1990, from then on, the problem of synchronization has attracted scholars from various fields such as information science [39, 40] , secure communication [41, 42] and chemical reactions [43, 44] . In particular, in the field of neural networks, much attention has been focusing on this topic, see [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and references therein. At present, there are some results about the synchronization for complex-valued neural networks [55] [56] [57] [58] . However, as far as we know, till now there is still no result about the almost periodic synchronization of SICNNs, not to speak of QVSICNNs.
In this paper, we study the QVSICNNs with time varying and distributed delays. The paper is organized as follows. In Section 2, some preliminaries and notations are introduced. In Section 3, the sufficient conditions for the existence of almost periodic solutions of system (1) are obtained. In Section 4, the global exponential synchronization is studied. In Section 5, the effectiveness and feasibility of the proposed methods in this paper are shown by a numerical example.
Problem description and preliminaries
We denote the skew field of quaternion by
where x
In this paper, the model of the shunting inhibitory cellular neural networks with mixed time delays is defined as follows: and N s (p, q), N u (p, q) are similarly specified; x pq 2 Q is the activity of the cell C pq , T pq : Q ! Q is the external input to C pq , a pq (t)>0 represents the passive decay rate of the cell activity; B kl pq ðtÞ; C kl pq ðtÞ; D kl pq ðtÞ ! 0 are the connection or coupling strength of postsynaptic activity of the cell transmitted to C pq , and the activity functions f ; g; h : Q ! Q are the continuous functions representing the output or firing rate of the cell C pq ; τ(t) ! 0 denotes the transmission time varying delay; K pq (t) denotes the transmission delay kernels.
The initial conditions associated with system (1) are of the form 
Denote the set of almost periodic functions by APðR; R n Þ. 
Applying (4)- (7), we obtain an equivalent real-valued system of the quaternion-valued system (1) as follows: Denote z pq (t) = y pq (t) − x pq (t), subtracting (1) from (9) 
where
In order to show the almost periodic synchronization of the drive-response system, we design the state-feedback controller as follows:
Definition 4. The response system (9) and the drive system (1) are said to be globally exponentially synchronized, if there exist positive constants M > 0 and λ > 0 such that (8) . For studying the synchronization of (1) and (9), we just need to consider the exponential stability of system (11)- (14) .
Throughout the paper, we assume the following conditions: 
and 
Main results
In this section, we establish the sufficient conditions for the existence of almost periodic solutions of system (1), and the sufficient conditions for the global exponential synchronization of the drive system (1) and the response system (9 
system (8) has a unique almost periodic solution in
Hence, we have
Similarly, one can obtain
Therefore,
which implies that Γ is a contraction mapping. According to the Banach fixed point theorem, Γ has a unique fixed point in Y Ã , which means that system (8) has a unique almost periodic solution in Y Ã . The proof is complete. where
Then the drive system (1) and response system (9) are globally exponentially synchronized.
proof. Let us construct a Lyapunov function V(t) as follows
From (11)- (14), for any t > 0, ν 2 Λ, pq 2 J , we have
Computing the derivative of V 1 (t) along the solution of the error system (10), we obtain
On the other hand, we have
We also have
Therefore, the drive system (1) and the response system (9) are globally exponentially synchronized. The proof is complete.
A numerical example
In this section, an example is shown for the effectiveness of the proposed method in this paper. Thus, (A 5 ) is also satisfied. Therefore, (18) and (19) are globally exponentially synchronized (see Figs 1-4) . https://doi.org/10.1371/journal.pone.0198297.g001
Almost periodic synchronization of quaternion-valued shunting inhibitory cellular neural networks
Conclusion
In this paper, a class of QVSICNNs with mixed delays is studied. To the best of our knowledge, this is the first on studying the problem. Since QVSICNNs include RVSICNNs and CVSICNNs as special cases, our method of this paper can be applied to study the almost periodic synchronization problem of other types of neural networks including RVNNs and CVNNs. In this paper, the almost periodic synchronization of a class of QVSICNNs with mixed delays is studied. To the best of our knowledge, this is the first on studying the problem. Since QVSICNNs include RVSICNNs and CVSICNNs as special cases, our method of this paper can Almost periodic synchronization of quaternion-valued shunting inhibitory cellular neural networks be applied to study the almost periodic synchronization problem of other types of neural networks including RVNNs and CVNNs.
